A diagnosis of tuberculosis (TB) relies on acid-fast bacilli (AFB) smear and culture results. Two rapid tests that use nucleic acid amplification (NAA) have been approved by the US Food and Drug Administration for the diagnosis of TB based on detection of Mycobacterium tuberculosis from specimens obtained from the respiratory tract. We evaluated the performance of NAA testing under field conditions in a large urban setting with moderate TB prevalence.
tested positive for AFB on smear) [3] . The evaluation of rapid diagnostic tests for TB is particularly critical in places like New York City, because the city has a relatively high prevalence of TB and is home to large immigrant populations, and as a result, decisions need to be made promptly with regard to the treatment and/or respiratory isolation of patients with TB.
In small-to moderate-size studies [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] , the use of NAA testing for the rapid diagnosis of the M. tuberculosis complex has been evaluated using specimens obtained from the respiratory tract and from other body sites. For respiratory tract specimens that tested positive for AFB on smear, some authors have reported test sensitivities of 73%-100%, specificities of 96%-100%, positive predictive values (PPVs) of 86%-100%, and negative predictive values (NPVs) of 199% [4-8, 10-13, 16, 17, 19, 20] . Although NAA testing had a lower sensitivity for respiratory tract specimens that tested negative for AFB on smear, compared with respiratory tract specimens that tested positive for AFB on smear, the sensitivity was higher than that reported using AFB microscopy and was close to that reported using mycobacterial culture [4, 5, 10, 16, 19, 20] .
In addition, several studies have shown the benefits of NAA for testing specimens obtained from body sites other than the respiratory tract. Evaluations of the NAA test for use on tissue specimens (pleural, lung, lymph node, liver biopsies, and bone marrow) and body fluids (central nervous system, pleural, ascitic, synovial, pericardial, and peritoneal fluids) showed a sensitivity of 64%-86%, a specificity of 97-100%, a PPV of 81.5%-100%, and an NPV of 87.5-99.2% [5, 10-12, 14, 15, 18] . One study found a lower sensitivity (52.6%) among pleural biopsy specimens [14] .
The present study retrospectively evaluates the performance of NAA tests among patients evaluated for TB in a large urban setting by several mycobacteriology laboratories in a real-life situation, using information entered in the New York City Department of Health and Mental Hygiene TB registry. The objectives of our study were (1) to describe the characteristics of patients whose specimens were tested by use of NAA and the factors associated with the decision to perform NAA testing; (2) to calculate the sensitivity, specificity, PPV, and NPV of NAA tests; and (3) to examine the relationship between the NAA test result, the AFB smear result and grade, and the culture result, per patient, for detection of the M. tuberculosis complex.
METHODS

Patients.
The study population consisted of patients evaluated for TB and reported to the New York City Department of Health and Mental Hygiene's Bureau of Tuberculosis Control during the period from 2000 through 2004. A diagnosis of TB was confirmed using the Centers for Disease Control and Prevention's clinical or laboratory case definition [21] .
Data. Our analysis relied on routine surveillance data from [22] . NAA testing was assumed to have been performed according to the manufacturer's recommendation [23] .
The analysis was restricted to NAA tests performed on specimens collected within 7 days after the start of treatment for TB. New York City laboratories are required to report all positive test results identifying AFB or the M. tuberculosis complex and all negative test results associated with positive test results, such as a negative NAA test result on a specimen that tested positive for AFB on smear. In New York City, smears that are interpreted as inconclusive are considered to be positive for AFB, for the treatment of patients, and thus they were grouped with smears interpreted as positive for AFB in our analysis of smear results. Statistical analysis. Data analysis was stratified on the basis of specimen source (i.e., sources from the respiratory tract vs. sources from other body sites). The sources of specimens from the respiratory tract included sputum, trachea, bronchus and/ or bronchioles, bronchial fluid, and lung tissue. The sources of specimens from other body sites included cerebrospinal fluid, lymphatic tissue, gastric aspirate, and pleural and peritoneal fluid, of which at least 30 specimens were available for analysis of test performance.
For cases of pulmonary TB, we analyzed the performance of the NAA test by patient characteristics overall and then by stratifying patients into smear-positive and smear-negative patients. Categorical data were compared by use of the x 2 test. To determine which factors predicted the use of NAA testing for patients with suspected pulmonary TB, multivariate logistic regression models were constructed. The analysis was performed by use of SAS, version 9 (SAS), and SPSS, version 14.0 (SPSS).
The sensitivities, specificities, PPVs, and NPVs were calculated for the NAA tests performed for patients who had specimens obtained from the respiratory tract, with the denominator being the number of patients, regardless of how many specimens were obtained for testing. The performance of NAA was evaluated by comparing NAA test results to 2 gold standards of TB diagnosis: (1) a culture positive for M. tuberculosis, and (2) the combination of laboratory and clinical criteria to confirm TB, per the case definition for TB by the Centers for Disease Control and Prevention [21] . To determine whether there were any differences in test performance among patients who were evaluated for pulmonary TB on the basis of 11 specimen, we looked at the performance of NAA for the same specimen that tested positive by smear and/or culture and for different specimen that were not previously tested.
We also examined the correlation between culture positive for the M. tuberculosis complex-on the basis of smear grade (i.e., the number of bacilli per high-power field) by use of AFB microscopy-and NAA test result. A low grade was defined as either 1+ (i.e., bacilli were rare) or 2+ (i.e., bacilli were few in number), and a high grade was defined as either 3+ (i.e., there were a moderate number of bacilli) or 4+ (i.e., there were numerous bacilli). Smear results that were inconclusive were not included in the smear grade analysis, because they were inconsistently reported.
The performance of NAA was also evaluated for patients with suspected extrapulmonary TB, among whom we calculated the performance of NAA on the basis of the specimens tested, using, for comparison, AFB culture results as the gold standard and including only patients who had a culture result positive for M. tuberculosis. We examined and stratified the results on the basis of whether the patients had NAA and AFB culture performed on the same specimen or on a different specimen and found no difference in performance; therefore, we analyzed all test results, regardless of whether NAA and AFB culture were performed on the same specimen or different specimen.
The study was reviewed and approved by the New York City Department of Health and Mental Hygiene and the Centers for Disease Control and Prevention Institutional Review Boards.
RESULTS
During the 5-year study period, there were 5777 patient who received a confirmed diagnosis of TB and 13,003 patients who were suspected of having TB but for whom a diagnosis of TB was eventually excluded. Of these 18,780 patients, 16,511 were tested for TB by obtaining specimens from their respiratory tracts, and 4969 were tested for TB by obtaining specimens from other body sites.
Testing of specimens obtained from respiratory tracts of patients. The proportion of patients with confirmed or suspected TB whose respiratory tract specimens were tested by use of NAA increased from 429 (12.9%) of 3334 patients in 2000 to 527 (15.6%) of 3386 patients in 2004; NAA testing among patients whose respiratory tract specimens tested positive for AFB increased from 415 (43.6%) of 952 patients in 2000 to 487 (55.5%) of 877 patients in 2004 ( for both trends). P ! .001 Of the 16,511 patients being evaluated for pulmonary TB, 4642 (28.1%) had specimens that tested positive for AFB on smear.
Of those 4642 patients, 2241 (48.3%) had NAA performed on their specimens. Of those 2241 patients, 1279 (57.1%) had positive test results. Of those 1279 patients, 1262 (98.7%) were confirmed to have TB (figure 1). In addition, 2070 (44.6%) of the 4642 patients whose specimens were positive for AFB on smear were ultimately found not to have TB. Of 902 patients whose specimens were positive for AFB on smear but who did not receive a confirmed diagnosis of TB diagnosis, 885 (98.1%) had negative NAA test results.
Patients were mostly adult, male, nonwhite, and born in countries other than the United States. The proportion of patients whose specimens were tested by use of NAA varied according to demographic and clinical characteristics ( ). Patients who were seen by private phy-P p .045 sicians not affiliated with any hospital ( ) were less P p .026 likely to have NAA performed on their specimens. Patients who were drug users were not more likely than patients who were not drug users to have had NAA performed on their specimens. In a separate multivariate model for patients whose specimens tested positive for AFB on smear, Hispanic and black nonHispanic patients, patients with an abnormal (cavitary or noncavitary) chest radiograph finding, patients who had an unknown HIV status, and patients who were homeless, used alcohol, and/or were seen by a private physician were more likely to have had NAA performed on their specimens (data not shown). In the model with only patients whose specimens tested negative for AFB on smear, female patients, HIV-positive patients, patients with an unknown HIV status, and patients who were employed and/or were treated at a public hospital or by a private physician were more likely to have an NAA test performed; in contrast, patients with an abnormal chest radiograph were not more likely than those without an abnormal chest radiograph to have had NAA performed on their specimens (data not shown).
Test performance. For the 2418 patients who received a confirmed diagnosis of TB on the basis of either a positive culture result or clinical criteria, the NAA test had a sensitivity of 92.4%, a specificity of 97.3%, a PPV of 98.1%, and an NPV of 89.5%. For the 2241 patients whose specimens tested positive for AFB on smear, the NAA test had a sensitivity of 94.3%, a specificity of 98.1%, a PPV of 98.7%, and an NPV of 92.0% (table 2). For the 170 patients whose specimens tested negative for AFB on smear, the NAA test had a sensitivity of 70.8%, a specificity of 85.9%, a PPV of 89.3%, and an NPV of 64.0%.
For the 2021 patients who received a confirmed diagnosis of TB based on a positive culture result, the NAA test had a sensitivity of 95.0%. For the 1861 patients whose specimens tested positive for AFB on smear, the NAA test had a sensitivity of 96.0%. For the 150 patients whose specimens tested negative for AFB on smear, the NAA test had a sensitivity of 79.3% (table 2 ). In addition, for patients whose specimens tested positive for AFB on smear and who were eventually confirmed not to have TB, the NAA test had a specificity of 92%. Data on the performance of the NAA test (i.e., the performance measures) at the 2 laboratories where most of the testing was performed were similar (data not shown).
Test performance based on AFB smear grade. The sensitivity of NAA testing was higher for the 900 patients whose specimens had a high-grade smear than it was for 848 patients whose specimens had a low-grade smear (97.6% vs. 92.2%) (table 3). For the 800 patients whose specimens had a highgrade smear and a culture positive for M. tuberculosis (i.e., the gold standard of TB diagnosis), the NAA test had a sensitivity of 98.2%, a specificity of 94.0%, and a PPV of 99.4%. For the 668 patients whose specimens had a low-grade smear and a culture positive for M. tuberculosis, the NAA test had a sensitivity of 94.4%, a specificity of 92.8%, and a PPV of 96.0% (table 3) .
Compared with the use of AFB smear microscopy, the use of NAA testing greatly improved the predictability of the AFB culture result for the diagnosis of TB. Regardless of the results of NAA testing performed on their specimens, 780 (62.9%) of 1240 patients who had a specimen with a low-grade smear and 1067 (88.5%) of 1205 patients who had a specimen with a high-grade smear also had a specimen that tested positive for M. tuberculosis on culture. In comparison, 407 (96.0%) of 424 patients who had a specimen that tested positive for TB by use of NAA and who had a specimen with a low-grade smear also had a specimen that tested positive for M. tuberculosis on culture, and 720 (99.4%) of 724 patients who had a specimen that tested positive for TB by use of NAA and who had a specimen with a high-grade smear also had a specimen that tested positive for M. tuberculosis on culture (figure 2).
False-positive and false-negative results. NAA testing resulted in some false-positive and false-negative results. With the use of overall TB diagnosis as the comparison, 26 of 1366 patients had false-positive NAA test results, resulting in a false- positive rate of 1.9%. Among 800 patients who had a specimen with a high-grade smear, there were only 3 who had falsepositive results, resulting in a false-positive rate of 0.4%. In contrast, there were 110 of 1450 patients with false-negative results overall (for a false-negative rate of 8%) and 70 of 1390 patients with false-negative results when culture was used as a gold standard (for a false-negative rate of 5%); the false-negative rate decreased further, to 2.4% overall among the 18 patients who had a specimen with a high-grade smear and to 1.8% among the 13 patients who had a high-grade smear and whose culture result was positive for AFB culture (i.e., the gold standard).
Patients with extrapulmonary TB. During the study period, 4969 patients were evaluated for extrapulmonary TB by the testing of 12,171 specimens obtained from body sites other than the respiratory tract. There were 682 specimens tested by use of both NAA and AFB culture. Specimens tested included 159 lymph node tissue specimens (88 tested by culture and NAA), 94 gastric aspirate specimens (65 tested by culture and NAA), 83 pleural fluid specimens (56 tested by culture and NAA), 56 peritoneal fluid specimens (31 tested by culture and NAA), and 257 cerebrospinal fluid specimens (188 tested by culture and NAA). For the 682 specimens tested by use of NAA, we found an overall sensitivity, specificity, PPV, and NPV of 89.3%, 74.5%, 79.3%, and 86.5%, respectively (table 4). For the 215 specimens that tested positive for AFB by smear, we found a sensitivity, specificity, PPV, and NPV of 97.5%, 93.6%, 95.1%, and 96.8%, respectively. For the 383 specimens that tested negative for AFB by smear, we found a sensitivity, specificity, PPV, and NPV of 83.2%, 65.6%, 70.7%, and 79.7%, respectively. As shown in table 4, the performance of NAA testing varied by type of specimen tested.
DISCUSSION
Our analysis showed that the performance of NAA for the diagnosis of TB based on detection of M. tuberculosis in respiratory tract specimens in clinical settings was consistent with published reports. The MTD manufacturer's package insert reports a sensitivity of 96.9%, a specificity of 100%, and a PPV of 100% for patients' specimens that also tested positive for AFB on smear [23] , whereas for patients' specimens that tested negative for AFB on smear, there was a sensitivity of 72%. Compared with published studies [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] 16 ] that reported sensitivities of 73%-93% and specificities of 96%-100%, our study, which is based on a large number of patients' respiratory tract specimens obtained over several years, showed a sensitivity as high as 96% among patients whose specimens tested positive for AFB on smear and a sensitivity as high as 79% among patients whose specimens tested negative for AFB on smear; NOTE. NPV, negative predictive value; PPV, positive predictive value. a There were 800 patients whose specimens tested positive for AFB and had high-grade smear and 668 patients whose specimens tested positive for AFB and had low-grade smear (for details about smear grades, see Methods).
these sensitivities indicate that the performance of NAA testing in the real-life setting of New York City was as good as in the manufacturer's controlled study. The value of using both NAA and AFB microscopy on smear, even for patients with a highgrade smear, was demonstrated by the higher rate of M. tuberculosis culture positivity among patients with high-grade smear and positive NAA test results (i.e., 99.4%), compared with the rate of M. tuberculosis culture positivity among patients with high-grade smear alone (i.e., 88.5%). In New York City, a significant number of patients had NAA performed on specimens obtained from body sites other than the respiratory tract, of which the sensitivity of the NAA test was high (∼90% overall). Our results were higher than the results reported in some published studies [14, 18] and validated the results reported in other published studies [5, 10, 12] . These results are encouraging, although our study has a few limitations. NAA testing was performed at several laboratories, with the resulting inability to control for laboratory processing. Although most of the testing was performed at laboratories known to use the MTD test, for approximately one-third of the specimens, the type of NAA test was not known. Although this lack of knowledge is a limitation, it does not diminish the value of our study of the performance of NAA in a real-life situation, given the large sample size. The rate of false-negative results was high overall at 8% (compared with the rate of falsenegative results for all patients with TB) and was comparable those reported in previous studies [6, 7, 10, 11] , but rates of false-negative results reported in the literature vary widely. The rates of false-negative results were perhaps the result of laboratory processing variability or errors and/or the result of the presence of inhibitors. Therefore, a negative NAA test result, by itself, should not be used to exclude a diagnosis of TB in patients in whom there is a high suspicion of TB. Our retrospective study could not evaluate the presence of inhibitors or specimen suitability. It is notable that, among patients who had a specimen with a high-grade smear, the rate of false-negative results decreased to 2.4%. Therefore, we believe that a negative NAA test result is consistent with a low likelihood of TB. In contrast, the rate of false-positive results was low overall (i.e., 12%). The reasons for false-positive NAA test results are unclear and include possible specimen contamination in the laboratory. The association of a high-grade smear and a positive NAA test result is highly associated with active TB, because there were only 3 instances of false-positive results in this group. Another limitation is that negative NAA test results may not have always been reported to the New York City Department of Health and Mental Hygiene, thus potentially inflating the study results. However, we believe that the failure to report negative NAA test results is infrequent, particularly for patients whose specimens tested positive for AFB on smear. Additional limitations include the retrospective nature of the study, which precluded studying the correlation with presenting symptoms, and the variability in the reading of AFB smear results, which may lead to the misclassification of the smear status of some patients. Despite these limitations, our study is a unique natural experiment in which a large number of patients were studied in a TB program setting; only a few laboratories performed NAA, and results were consistent with those reported in other studies.
Although the value of NAA testing for rapid TB diagnosis is clear, the test remains underutilized [18, 24] . New York City has a large number of patients (140%) who have had respiratory tract specimens that tested positive for AFB on smear but in whom a diagnosis of active TB is eventually rejected, which makes NAA testing very valuable. Our results are in line with the new Centers for Disease Control and Prevention guidelines [25] and support the following use of NAA test results for patient management:
1. A positive NAA test result in conjunction with an AFBpositive smear, with the patient showing clinical symptoms consistent with TB, is highly predictive of TB disease. Such patients should receive anti-TB medications, airborne isolation precautions should be implemented, and an investigation of exposed contacts for possible TB transmission should be performed. A mycobacterial culture is still needed for species identification and for drug-susceptibility testing.
2. Similarly, ordering NAA tests for patients whose specimens tested negative for AFB on smear but who are highly suspected of having TB disease is recommended, because a positive NAA test result for such patients warrants starting treatment for TB.
3. A negative NAA test result for a patient whose specimen tested positive for AFB on smear indicates that the AFB are probably nontuberculous mycobacteria. In general, respiratory isolation of the patient and a contact investigation may be discontinued; treatment for TB may be withheld or continued, depending on the patient's clinical signs and symptoms. However, in instances for which clinical suspicion for TB remains high and the patient will be discharged into a high-risk setting, such as a congregate housing facility with a high prevalence of the human immunodeficiency virus, caution should be exercised. 4 . A negative NAA test result for a patient whose specimen tested negative for AFB on smear and for whom the clinical suspicion for TB is low indicates a low likelihood of active TB and suggests that treatment for TB can be delayed. 5. A negative NAA test result for a patient whose sputum specimen tested positive for AFB on smear can be used to discontinue an investigation of exposed contacts for possible TB transmission and to discontinue airborne isolation.
In summary, the findings from our study on the performance of NAA tests for diagnosis of TB in this large urban setting corroborate the value of using NAA testing to reliably and rapidly identify patients with pulmonary tuberculosis. The sensitivity, specificity, and predictive values of the test in a real-life situation were high for patients who had a specimen that tested positive for AFB on smear, and they were at acceptable levels for patients who had a specimen that tested negative for AFB on smear. To improve the use of rapid testing for TB, in May 2006, the New York State Department of Health updated its mycobacteriology guidelines to mandate NAA testing on all specimens that initially tested positive for AFB on smear [22] . The Centers for Disease Control and Prevention updated its guidelines to recommend NAA testing on specimens obtained from the respiratory tract of patients suspected of pulmonary TB [25] .
